The Middle-Late Jurassic greenhouse conditions included CO 2 levels that have been estimated to be four to five times higher than they are presently. By analysing the pattern of selected trace elements as redox proxies (V, U, and Mo) and the variations in the chemical state of iron using 57 Fe Mössbauer spectroscopy, we demonstrate the occurrence of major changes in sediment redox conditions from the Late Bajocian through the Late Oxfordian in the pelagic environment of the Alpine Tethys in its Carpathian domain. Our interpretation is based on analysis of siliceous limestones rich in radiolarians intercalated with red nodular limestones of Ammonitico Rosso-type facies from the Krížna Nappe in the eastern part of the Tatra Mountains, Poland. The presented redox potential (Eh values) shows its changeable pattern along the section (from −0.74 V to 0.16 V). The low values of Eh (from −0.74 V to −0.4 V) create the long-term (ca. 7 Myr) trend of the medium-scale fluctuations comprising the Upper Bajocian through the Lower Oxfordian interval of predominately grey and green radiolarian siliceous limestones. This interval comprises the three short-term (less than 0.5 Myr) periods of slightly increasing Eh (from −0.35 V to −0.17 V) observed in the uppermost Bajocian, Lower Bathonian, and Lower Callovian, as well as the significant changes in sediment redox conditions from oxic to dysoxic in the Upper Bajocian. The overlying succession corresponding to the Middle-Upper Oxfordian (ca. 4 Myr) is characterized by red radiolarian siliceous limestones with positive Eh values that indicate deposition under more oxic conditions than those during any other period in the study section. The negative values of Eh, attributed to the upwelling periods, coincide with the decreasing sea surface water temperature (SST) and increasing organic matter flux. The largest negative shift is noted in the Upper Callovian, which coincided with the cool climatic phase. The positive Eh values indicate oxic conditions due to the lowering of organic matter input, coinciding with an increased SST caused by surface water stratification. Based on the observed long-term variation in the redox, we postulate thermally driven east-west atmospheric circulation along the equatorial Tethys Ocean, caused by the sharp contrast in sea surface temperature, similar to the Walker Circulation operating across the modern Pacific. This phenomenon would have been the dominant periodical mode over the tropics and subtropics regions of the NW Tethys during the Middle-Late Jurassic. Global warming reduces the long-term strength of the mean tropical atmospheric circulation, leading to sea water stratification near the surface and consequently lowering the organic matter flux. However, additional seaways of heat transport could also exist, as they are associated with the opening/closing of the Hispanic Corridor.
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Introduction
Variation in redox boundaries is one of the parameters used for the reconstruction of environmental conditions and processes of ancient marine systems. The position of a redox boundary is not fixed; it may fluctuate in response to organic matter flux at the sediment surface or in response to oxygen content in the overlying bottom water (e.g., Katsev et al., 2006) , reflecting seasonal changes in or long-term periods of climate variability associated with changes in deep water circulation (e.g., Martens and Klump, 1984) . Regarding this last aspect, redox variation near the sediment-water interface is interpreted here based on measurements of relative distributions of oxidizing agents in the Middle-Upper Jurassic radiolarian-rich sediments that occur frequently in sections of the NW Tethyan realm (e.g., De Wever and Baudin, 1996) . Geological evidence of the Jurassic deep oceans is not easily accessible, mainly due to later subduction processes of the oceanic floors. Consequently, there is a lack of such analysis related to the redox conditions of the Middle-Late Jurassic oceanic floor with accumulated siliceous sediments in the Alpine Tethys. Data from the Lombardian Basin are an exception to this lack of data and suggest variability in the redox level at that time (Ikeda et al., 2016) . This paper reports the occurrence of the Middle-Upper Jurassic pelagic grey, green and red siliceous limestones occurring in the Carpathian domain of the Alpine Tethys ( Fig. 1a ) and provides a new dataset of redox changes in the deep marine environment with deposition partially below the CCD (e.g., Michalík, 1994) .
The palaeogeographic position of the study area was calculated to have been ca. 22-25 o N during the Bajocian-Oxfordian (Grabowski, 2005) . Therefore, it may have been influenced by ocean-atmosphere global circulation patterns, which were caused by east-west pressure and sea surface temperature (SST) gradients and resulted in the formation of air circulation cells similar to the present-day Walker cells, spanning different longitudinal sectors along the equator. The Walker Circulation is manifested at the surface as easterly Trade Winds blowing towards the west along the modern equatorial Pacific. Several investigations have focused on the existing Trade Winds that operated during the Mesozoic, similar to the present-day east-west atmospheric circulation along the equatorial zone. As an example, a strong, nearsurface palaeowinds pattern has been recognized in Midwestern Gondwana at palaeolatitudes between 14°S and 32°S during the latest Jurassic-earliest Cretaceous (Scherer and Goldberg, 2007) . Tropical Westerlies also have been suggested to have occurred over the Colorado Plateau, which was a part of the Pangaea supercontinent during the Permian through the Early Jurassic (Loope et al., 2004) . There is also a significant correlation between the Walker Circulation over the modern Pacific Ocean and the monsoonal zonal circulation over the equatorial Indian Ocean (Guoxiong and Wen, 1998) . Therefore, the palaeomonsoonal circulation recorded in the Mesozoic sedimentary rocks would indirectly indicate that the Walker Circulation record would be active along the equatorial part of the Tethys and Panthalassa (e.g., Dercourt et al., 2000) showing the location of the Zliechov Basin (Zl; a part of the Carpathian domain). (b) Location of the Tatra Mountains in the Carpathians. (c) Simplified geological map of the Tatra Mountains including the Krížna Nappe (modified after Prokešová et al., 2012) with location of the section studied (red asterisk); PKB -Pieniny Klippen Belt. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Arias, 2008; De Wever et al., 2014) . This was indirectly inferred from the occurrence of millennial-scale changes in SST interpreted on radiolarian records from the Middle-Upper Jurassic deposits of the NW Tethys (Bąk et al., 2018b) .
Tectonically, the studied region was a part of the rifted marginal basin in the Carpathian segment of the Western Tethys resulted of the break-up of the southern Alpine Tethys (Plašienka, 2003) . The development of the area filled by the studied sediments (the Zliechov Basin; Fig. 1a ) represents an example of the formation of a tensional basin, evidenced by the accumulation of hydrothermal sediments and extrusions of basic volcanics during the Toarcian through the Middle Albian (e.g., Hovorka and Spišiak, 1988; Bąk et al., 2018a) .
There are several methods for assessing redox variation in ancient sediments, including micropalaeontological studies of benthic (e.g., Savrda and Bottjer, 1982; Chen et al., 2017) and planktonic biofacies (e.g., Bąk and Sawłowicz, 2000) , analysis of sediment bioturbation (e.g., Savrda and Bottjer, 1986; Uchman et al., 2008) , organic and inorganic geochemistry (e.g., Froelich et al., 1979; Burdige, 1993; Algeo and Maynard, 2004; Tribovillard et al., 2006; Marynowski et al., 2011) , and 57 Fe Mössbauer spectroscopy (e.g., Sato et al., 2011 Sato et al., , 2015 . In this study, we used the latter two types of methods to estimate redox conditions via interpretation of the bulk chemical parameters, trace element concentrations, ratios of selected trace elements, and relative iron abundance in various chemical states. The latter parameter was used as a baseline for measuring the variability trend of redox potential (Eh) near the sediment-water interface during the accumulation of radiolarian siliceous-carbonate sediments in this part of the Alpine Tethys.
Geological setting and stratigraphy
The sedimentary rocks studied represent typical Middle-Upper Jurassic facies of the Alpine Tethys occurring among others in its Carpathian domain (e.g., Jach et al., 2014; Bąk et al., 2018c; Bąk and Bąk, 2019) , where siliceous limestones rich in radiolarians are intercalated with red nodular limestones of Ammonitico Rosso-type facies, which also cover these siliceous sedimentary rocks (e.g., Michalík, 2007) . Such facies have been previously studied by us in the Krížna Nappe (western Carpathians) in the eastern part of the Tatra Mountains, Poland (Fig. 1b, c) . The Krížna Nappe, a typical "rootless" thrust unit, came from the area of stretched and thinned continental crust, composed mainly of 1-3 km thick Mesozoic sedimentary rocks, which were displaced from their substratum during mid-Cretaceous times (e.g. Bąk and Bąk, 2013) . Now, this nappe overlies various Tatric cover units and is overlain by the higher, Hronic (Choč) cover nappe system (Fig. 1c) .
The condensed siliceous-carbonate sedimentary rocks studied here correspond to the interval of rapid subsidence in this area during the Bajocian-Middle Oxfordian (Michalík, 1994; Michalík, 2007; Plašienka, 2003) . This stage of basin evolution coincided with carbonate pelagic sedimentation, characteristic of the Late Oxfordian-Late Albian, interrupted due to eustatic sea level changes, partly with sedimentation of hemipelagic sediments related to the Cretaceous OAEs (e.g., Michalík et al., 2008; Bąk et al., 2016a , Bąk et al., 2016b Bąk, 2011) . Finally, the Zliechov Basin was affected by rapid deepening during the latest Albian, when the carbonate platform was covered by siliciclastic sediments (e.g., Wolska et al., 2016) .
A detailed location of the section (Filipka section; Fig. 1c ), description of these 42 m thick sedimentary rocks, and discussion related to the biotic components and age of these sediments have been presented by Bąk et al. (2018b) . The oldest radiolarian-bearing siliceous limestones (Filipka Limestone Formation; 11.8 m thick), mainly grey in colour, were dated to the Late Bajocian (Fig. 2) . The overlying green and grey siliceous limestones (Sokolica Radiolarite Fm.; 13.4 m thick) were attributed to the uppermost BajocianLower Bathonian. The following red nodular siliceous limestones of Ammonitico Rosso type-facies (Niedzica Limestone Fm.; 2.7 m thick), excluding its lowermost and uppermost parts, are dated to the Bathonian. The overlying grey and variegated siliceous limestones (Czajakowa Radiolarite Formation; 12.2 m thick) were attributed to the uppermost Bathonian-Middle Oxfordian. The deposition of the overlying red nodular limestones of Ammonitico Rosso type-facies (Czorsztyn Limestone Formation) began in the late Early Oxfordian (Fig. 2 ).
Methods
Thirty-five geochemical samples from the Upper Bajocian-Upper Oxfordian sediments in the Filipka section (Krížna Nappe, Tatra Mountains, central Western Carpathians) were analysed for major and minor element concentrations at the Bureau Veritas Minerals Laboratories, Vancouver, Canada. Total abundances of the major oxides, several minor elements, rare Earth elements and refractory elements were analysed by inductively coupled plasma (ICP) emission spectrometry, following lithium metaborate/tetraborate fusion and dilute nitric acid digestion. Loss on ignition (LOI) was determined by the weight difference after ignition at 1000°C for > 2 h. Moreover, separate 0.5 g samples were digested in Aqua Regia and analysed by ICP mass spectrometry to determine the precious and base metals. The detection limits ranged from 0.002 wt% to 0.04 wt% for the major oxides, from 5 ppb to 8 ppm for the trace elements, and from 0.01 ppm to 0.3 ppm for the rare Earth elements.
To make the results of the normalization procedure easier to interpret, we used the enrichment factors (EF) of selected trace elements: EF element X = (X/Al) sample /(X/Al) average shale . The average shale values of trace elements followed those given by Wedepohl (1991 Wedepohl ( , 2004 . 57 Fe Mössbauer spectroscopy in the transmission mode was applied to recognize the iron chemical states of 41 investigated sedimentary rock samples. Absorbers with a diameter of 16 mm were prepared using approximately 150 mg of powdered rocks; hence, the absorber thickness of the investigated material was approximately 75 mg/cm 2 . The measurement time was approximately 3 days for each sample due to the small iron concentration (0.43-1.83 wt%). The velocity (energy) range K. Bąk, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 537 (2020) 109440 was optimized to obtain a reasonable spectrum quality for identification of the iron species. Selected samples containing magnetic components were additionally measured in the high-velocity range for six or seven days each. A commercial 57 Co(Rh) source made by Ritverc GmbH with an activity of approximately 25 mCi was used. Resonant photons of the 14.41-keV line in the 57 Fe nucleus were counted by the LND Krfilled proportional detector. Measurements were performed by means of the MsAa-4 Mössbauer spectrometer, and the data were processed by means of the MOSGRAF software within the transmission integral approximation. All spectral shifts are reported versus room-temperature α-Fe.
Results

Geochemical indices of sediment sources
The relative proportions of the three endmember components of the radiolarian-bearing sediments, clay (Al 2 O 3 ), biogenic silica and quartz (SiO 2 ), and carbonate (CaO), indicate that these components are strongly enriched in the SiO 2 limestones (Table 1; Fig. 2 ). An abundance of silica in all the studied samples is confirmed by a high average Si/Al ratio, which exceeds that of average shale (Figs. 2 and 3a). The high but variable content of SiO 2 (23.9-80.5 wt%; average 51.3 wt %; Table 1 ) is related to various amounts of biogenic silica (originally opal from radiolarian skeletons) and is expressed by a negative trend in a scatterplot of Al 2 O 3 and SiO 2 . The proportion of Al 2 O 3 is small (1.6%) in these samples compared to the proportion of Al 2 O 3 in an average shale (16.7%) and exhibits a distinct decreasing tendency further up the section (Table 1; Fig. 2; Fig. 3b ). The average CaO content of 25.5% and the corresponding Ca/Al ratio of 26.8 provide evidence for the presence of carbonate particles in the radiolarian-rich plankton community, visible in thin sections of the rocks as calcareous dinocysts, planktonic foraminifers, filaments, and micrite (Bąk et al., 2018b) .
Geochemical indices of redox conditions (V, U, and Mo)
Overall, vanadium and uranium show comparable vertical trends, whereas the pattern of molybdenum is slightly different (Table 1; Fig. 4 ; Fig. 5 ). The average content of vanadium is low (13 ppm ± 5), which is equivalent to an EF of 1.1, suggesting rather oxic conditions (Fig. 4) ; however, the values vary significantly in the Bajocian sediments ( Fig. 5) .
Uranium values are low, no greater than 0.5 ppm, along the whole section, with a mean value of 0.24 ppm ± 0.14 ppm, which is equivalent to an EF below 1 (Fig. 4 ). This result also suggests oxygenated conditions in the interstitial waters. The Th/U ratio, another redox proxy (see discussion in Wignall and Myers, 1988) , was enhanced, exceeding the corresponding values of modern oxidized environments (3.8 ppm; Taylor and McLennan, 1985) , and is also consistent with mostly oxygenated conditions through the Middle-Late Jurassic. The highest values of the Th/U ratio correspond to the Bathonian through the Oxfordian.
Molybdenum values are low, ranging from 0.2 to 1.3 ppm per sample, along the whole section, with a mean value of 0.72 ppm ± 0.35; however, the Mo/Al ratio, 7.1, is elevated compared to that of an average shale (0.294 ppm; ; Fig. 5 ). A pattern of Al-normalized concentrations of Mo shows the highest values in the Callovian-Oxfordian.
Chemical state and composition of iron species
In addition to the analysis of geochemical redox indices, we also investigated the chemical state of iron and the composition of iron species in the same rock samples using 57 Fe Mössbauer spectroscopy ( Fig. 5 ), following the conclusion from an earlier study of cherts from deep-sea environments that reflect the redox conditions of the interstitial waters during early diagenesis (Matsuo et al., 2003) . 57 Fe Mössbauer spectra were observed to contain at most three paramagnetic (doublet) and two magnetic (sextet) components with different contributions. Examples of representative spectra are shown in Figure 6 , and the hyperfine Mössbauer parameters of the three main doublets for all the investigated samples are shown in Figure 7 . The paramagnetic spectral component with an average isomer shift < IS > = 1.28(1) mm/s, average quadruple split < QS > = 1.51(2) mm/s and average spectral line width (treated as absorber line width within the transmission integral approximation) < Γ > = 0.18(4) mm/s can be assigned to the carbonate iron(II) minerals due to the similarity of its hyperfine parameters to the CaFe(CO 3 ) 2 ankerite (Dyar et al., 2006) . This component can be considered an indicator of the siderite facies of highly anaerobic reducing conditions (e.g., Teodorovicz, 1946; Strakhov, 1953) , and for further discussion, it will be called Fe 2+ (C).
The paramagnetic spectral component with < IS > = 1.13(1) mm/ s, < QS > = 2.66(3) mm/s and < Γ > = 0.29(3) mm/s is assigned to the extensive range of aluminosilicate minerals containing iron (II), while the component with a large line width of < Γ > = 0.43(9) mm/ s, < IS > = 0.33(4) mm/s and < QS > = 0.66(9) mm/s is assigned to the same class of aluminosilicate minerals but contains iron(III). For further discussion, these components will be called Fe 2+ (Si) and Fe 3+ (Si), respectively. However, it should be noted that the quoted names of facies have only historical significance due to the division of the geochemical facies of marine environments by Pustovalov (1933) , based on the behaviour of iron in various sedimentary conditions. The Mössbauer hyperfine parameters of the Fe 2+ (Si) and Fe 3+ (Si) spectral components in this investigation indicate that they belong to chlorite-like clay minerals (Dyar et al., 2006) . This observation is additionally confirmed by high ratios of Mg/Al versus K/Al ( Fig. 8 ; cf. Turgeon and Brumsack, 2006) . Because MgO correlates well with Al 2 O 3 (Pearson's r = +0.80, p (a) < 0.001, n = 35), the data show that there is a source of detrital chlorite.
The hyperfine parameters of the paramagnetic Fe 3+ (Si) wide doublet include similar Mössbauer parameters to those of the pyrite (with low-spin Fe 2+ ), which could be formed under ultra-reducing conditions. However, the presence of pyrite was ignored here based on the results of microscopic studies of thin sections of the rocks. The K. Bąk, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 537 (2020) 109440 magnetic spectral component in a few samples with a hyperfine field of approximately 51 Tesla and an isomer shift of approximately 0.4 mm/s belongs to Fe 2 O 3 haematite. The contributions (percentages) of the previously described 57 Fe Mössbauer spectral components were designated the area contributions of the corresponding sub-spectra to the whole cross-section of the spectrum. The carbonate iron(II) minerals (Fe 2+ (C)) occur with high variability throughout the whole succession studied (an average of 21.3% ± 13.2) ( Fig. 5) . However, the highest values and the greatest variability were observed in the Late Bajocian sediments (an average of 24.9% ± 15.2). The relatively high content and large variability of this state of iron also characterize the Bathonian-Callovian sediments (an average of 19.6% ± 12.1), and the percentage values of these sediments drop significantly within the Oxfordian siliceous-carbonate strata (an average of 14.9% ± 5.6).
Because Fe 2+ (Si) and Fe 3+ (Si) are components of chlorite-like minerals in the sediments studied, their contents along the section are therefore considered together in this study. The average content of iron in both spectral states is very consistent among the Upper Bajocian, Bathonian-Callovian, and Oxfordian samples (73.5% ± 15.0, 74.4% ± 14.9, and 71.6% ± 16.6, respectively), but the variability of that content in individual samples is relatively large (Fig. 5) .
Haematite was recognized in only three samples of the Middle-Upper Oxfordian sediments (Fig. 5) . The content in those samples ranged from 8.9% to 39% along the whole cross-section of the spectrum.
Notably, the area contributions of the Mössbauer signals discussed in this paper do not necessarily reflect the actual concentrations of the K. Bąk, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 537 (2020) 109440 different iron forms. Different bond properties of the iron atoms at their lattice positions in minerals lead to different Mössbauer-Lamb factors (MLFs), which give rise to Mössbauer signals with different intensities. In this study, the area contributions of the Mössbauer spectral components are shown and discussed without correction for several possible values of the MLFs; however, for the minerals considered, the MLFs should have quite similar values. Surprisingly, the magnetic spectral component with a hyperfine field of approximately 33 Tesla and an isomer shift typical of α-Fe metallic iron was found in two studied samples (Fig. 5) . The presence of magnetic Fe 2 O 3 and α-Fe was additionally confirmed by Mössbauer spectroscopy measurements in the high-velocity (energy) range. Because we did not find metallic iron during the microscopic studies of the thin sections of the rocks, the origin of such iron could not be explained here. Its most likely source may be cosmic dust (cf. Genge et al., 2017) , when accounting for the high possibility of their preservation due to their very low accumulation rate, though basaltic rocks are also recognized as a source of such particles (Kliock et al., 1986) . Regardless of their origin, this accumulation may also have resulted from subsequent redeposition due to the erosion of older rocks.
Discussion
Sedimentary environment
The interpretation of the selected redox proxies is performed by analysis of the source of the main sediment components to characterize the depositional environment of this part of the Alpine Tethys. The indices of terrigenous input to the Zliechov Basin during sedimentation of radiolarian-rich strata (Figs. 2 and 3) are consistent with the quantitative analysis of organic constituents from these sediments observed via thin sections of the rocks (Bąk et al., 2018b) . The enrichments of biogenic components (Si), along with low levels of chemical proxies of terrigenous input (Al/(Al + Fe + Mn)), Zr, Ti, Rb, Sc, K, and Mg (Figs. 2, 4) , suggest a pelagic environment in the Zliechov Basin during the sedimentation of radiolarian-rich sediments. The results of both analyses provide evidence of pelagic sedimentation during the whole Late Bajocian-Late Oxfordian interval in this part of the Alpine Tethys. The high contribution of chemical seawater sources to the sediment, typical of pelagic environments, is additionally confirmed using the plot of major oxide ratios capitalizing on the affiliations of terrigenous input (Al 2 O 3 ) to metalliferous input (Fe 2 O 3 ) versus La n /Ce n (Fig. 9 ), which distinguishes various depositional regimes from continental margins along the mid-ocean ridge (discussion in Murray et al., 1990) . The pelagic character of the radiolarian-rich sediments increased over time, and this increase was emphasized by the highest La n /Ce n ratio observed during the Callovian-Oxfordian, slightly exceeding the values of the La n /Ce n ratio from seawater (approximately 2.8) ( Fig. 9 ). On the other hand, the episodic input of carbonate particles as fragmented filaments and surrounding micritic grains were transported to the Zliechov Basin during the Late Bajocian (cf. Bąk et al., 2018b) .
Redox conditions near the sediment-water interface via V, U and Mo
Some trace elements, such as vanadium, uranium, and molybdenum, are redox-sensitive and occur in low concentrations in sediments under oxic water conditions, as they are dissolved as HVO 4 2− , H 2 VO 4− , UO 2 (CO 3 ) 3 4− , or MoO 4 2− (e.g., Tribovillard et al., 2006) . Due to a long resistance from the solid phase of these elements (130 kyr, 450 kyr, and 780 kyr, for V, U, and Mo, respectively; summary in Algeo and Maynard, 2004) and their conservative behaviour under oxic conditions with enhanced uptake by sediment during anoxia (Algeo and Tribovillard, 2009 ), the enrichment of these trace elements and the U/ Th ratio and the covariation between Mo and U enrichments are used here as palaeoredox signals.
Vanadium is introduced into the sediment in association with organic particles (Breit and Wanty, 1991) , and its amount depends on the extent of anoxic conditions in the water column. When organic particles adsorb vanadium decay during sediment settling under oxic conditions, the vanadium is rapidly lost. In pelagic sediments, V is coupled with the redox cycle of Mn (Hastings et al., 1996) , and the resulting vanadate adsorbs onto Mn-and Fe-oxyhydroxides (Wehrly and Stumm, 1989) . Low values of V (normalized to Al) in the sediments studied suggest oxic conditions near the sediment-water interface, but during the Late Bajocian, a large variation of V values shows significant changes in the redox conditions near the sediment-water interface (Fig. 5 ). Uranium enrichment occurs within the sediment and not in the water column, mainly due to the diffusion of carbonate ions (UO 2 (CO 3 ) 3 4− ) from the water column, reduction reactions and adsorption or precipitation as uranium di-and trioxides (UO 2 , U 3 O 7 , and/ or U 3 O 8 ; e.g., Algeo and Maynard, 2004; Morford et al., 2009 ). In oxidizing conditions, U ions maintain the form of uranyl carbonate occurring at higher oxidation states (U +6 ) (Wignall and Twitchett, 1996) . Low uranium values along the entire section with an EF below 1 (Figs. 4 and 5) also suggest the oxygenated conditions of interstitial waters. Because U is sensitive to redox variations and because thorium originates from continental weathering occurring in the water column in an insoluble Th +4 state, the Th/U ratios of marine sediments can be used as a proxy for redox conditions (e.g., Elrick et al., 2017) . This ratio in sediments deposited in modern oxidized environments is above the average upper continental crust ratio of 3.8 (Taylor and McLennan, 1985) . In ancient environments, values > 2 were proposed as the lower boundary for the oxic sediments (cf. Jones and Manning, 1994) . . 9 . Plot of major oxides versus La n /Ce n (after Murray, 1994) showing a contribution of seawater sources to the Bajocian-Oxfordian radiolarian-bearing siliceous limestones from the Zliechov Basin, the Carpathian domain of the Alpine Tethys, typical of pelagic environments; note that high values of La n /Ce n for points marked Middle-Upper Oxfordian sedimentary rocks record the pronounced Ce depletion of average seawater or as was suggested by Murray (1994) ridge-proximal seawater.
K. Bąk, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 537 (2020) 109440 uranium can vary significantly, even by more than a factor of 40 at depths of 61 cm. However, a consistent decrease in U auth accumulation occurs at depths near or below 1 cm. The pattern of molybdenum enrichment provides complementary information on redox conditions because Mo is removed to the sediments by processes that occur at or below the sediment-water interface (e.g., Crusius et al., 1996) . Generally, the concentration of Mo is high during periods of anoxic conditions and active sulphate reduction near the bottom of the sediment-water interface (Algeo and Tribovillard, 2009 ). In our samples, Mo values are low along the whole section (below 1 ppm), and the profile of Al-normalized concentrations of Mo shows the highest values in the Callovian-Oxfordian, consistent with the profile of Mn/Al values (r = +0.49; p(a) = 0.004, n = 34; Fig. 5 ). This result may have been due to the absorption of Mo to Mn oxyhydroxides, as was observed in recent well-oxygenated sediments when Mn occurs in higher oxidation states (Mn 3+ and Mn 4+ ) (e.g. Crusius et al., 1996) . If the adsorption of Mo to Mn oxyhydroxides occurred during the transit of oxyhydroxides through the water column, and if they reached the floor, the Mo-laden oxyhydroxides could be reductively dissolved, releasing excess Mo ions (Morford and Emerson, 1999) that could be captured by other phases within the sediment (Morford et al., 2005) . At the same time, Mn +2 was subjected to sorption on calcite surfaces in similarly mildly reducing conditions (Thomson et al., 1986) . We suggest that the adsorption of Mo to Mn oxyhydroxides or calcite could occur repeatedly as a result of repeated variations in the redox boundary in the sediment, creating a so-called particulate "shuttle" (cf. Algeo and Tribovillard, 2009 ). The consequence of these processes could result in enhanced Mo accumulation in the Callovian-Oxfordian sediments, over the low U content (Fig. 10 ) that did not participate in the particulate shuttle.
Chemical state of iron in relation to the iron redox boundary
Hypotheses of the variations in the redox boundary based on changes in V, U and Mo contents are confirmed in this study by considering the changes in the chemical state of iron in relation to the iron redox boundary along the studied section. Overall, iron reduction in marine sediments can start when nitrate has been sufficiently depleted, allowing a new energetically favourable path of respiration in the anaerobic bacteria that decompose organic matter in this zone (Kristensen, 2000) . The concentration of Fe 2+ in the pore water increases in such conditions due to bacterial metabolism reducing Fe 3+ in bottom water, usually in the form of particulate oxyhydroxides. Because pyrite and marcasite are not present at all along the studied section, the samples indicate that particulate iron had not been sufficiently depleted during the Late Bajocian-Late Oxfordian to start the next thermodynamically favourable process of bacterial sulphate reduction and further precipitation of pyrite and marcasite. Nevertheless, during this period, Fe 2+ diffused as dissolved ions through the pore water and caused siderite precipitation in the presence of carbonate ions, which were numerous in these sediments (cf. CaO content values, where Ca mostly came from the carbonates; Table 1 ). This process was repeated several times and caused several cycles of dissolution and precipitation of the iron minerals and caused changes in the Mo and U enrichments. In these changing conditions (from dysoxic to oxic), iron minerals that contain both Fe 2+ and Fe 3+ ions ultimately tended to concentrate at the oxic/anoxic local boundary.
To explain this variability in the redox conditions over time, we calculated the redox potential (Eh) of iron for the sediments studied, taking into account the chemical state of iron and the composition of the iron species in the samples. The following equation for estimation of the redox potential Eh (in volts) was applied:
. The symbol A i stands for the normalized contribution (relative abundance) of iron in a specific form (i.e., Fe 2+ -(C), Fe 2+ -(Si), Fe 3+ -(Si), and Fe 2 O 3 ) as designated from the cross-section of the Mössbauer spectrum. The symbol F i denotes the approximate redox potential of specific facies, indicated by the listed contributions of different iron forms, and the following values have been adopted: −1.0 V (highly reducing) for Fe 2+ -(C), −0.5 V (moderately reducing) for Fe 2+ -(Si), 0.0 V (boundary between the reducing and oxidizing) for Fe 3+ -(Si), and +1.0 V (highly oxidizing) for Fe 2 O 3 (Pustovalov, 1933) .
The presented redox potential (Eh values) shows a variable pattern along the section (from −0.74 V to 0.16 V; Fig. 11) . The low values of Eh (from −0.74 V to −0.4 V) create the long-term (approximately 7 Myr) trend of the medium-scale fluctuations comprising the Upper Bajocian through the Lower Oxfordian interval of predominately grey and green intercalated by variegated radiolarian siliceous limestones. This interval contains three short-term (less than 0.5 Ma) periods of slightly increasing Eh (from −0.35 V to −0.17 V) observed in the uppermost Bajocian, Lower Bathonian, and Lower Callovian. In turn, the overlying succession corresponding to the Middle-Upper Oxfordian (ca. 4 Myr) is characterized by the positive excursion with values from −0.34 V to +0.16. These data, interpreted in relation to the position of the Fe redox boundary in the sediment, show that the Eh through most of the studied interval (up to the Lower Oxfordian) suggest that it was located below the sediment surface. Therefore, the enhanced contents of amorphous siderite-like and chlorite-like minerals, which are the only Fe-bearing minerals in these sediments, were consolidated below the iron redox boundary at depths below the penetration of O 2 . In contrast, the uppermost part of the sediments corresponded to the Middle-Upper Oxfordian, as mainly red-coloured radiolarian siliceous limestones with rare layers containing green streaks could be found under at least periodically oxidizing conditions. In some layers of this interval, where sediments contained both haematite and Fe 2+(inner) , the enhanced content of siderite-like minerals is most likely due to the decomposition of Fe 2 O 3 during secondary alteration, related to a change in the oxygenation of the pore water. Examples of such transformations of the freed iron into Fe +2(inner) under more reductive conditions were described in pelagic siliceous strata from other ancient environments using the same method (Sato et al., 2015) .
The consolidation of the Fe ions in relation to the U, V and Mo ions as an effect of the fluctuations of the O 2 penetration depth varied, taking into account the lack or weak correlation between the Eh values and U/Al or V/Al and Mo/Al ratios calculated for the Upper Bajocian-Lower Oxfordian sediments (r = −0.18, p > 0.05, n = 18; r = −0.40, p < 0.05, n = 26; r = −0.31, p > 0.05, n = 28; respectively). This difference can be explained by the controls on trace-metal uptake by sediments, as documented in modern environments (e.g., Morford and Emerson, 1999) . In the oxidizing zone extending to 1 cm, ferrous ions are reduced in the pore water but reoxidized near the Fig. 10 . Mo EF vs U EF for Bajocian-Oxfordian samples from radiolarian-bearing siliceous limestones from the Zliechov Basin, the Carpathian domain of the Alpine Tethys showing the area of their enrichments related to modern oceanic sediments (Algeo and Tribovillard, 2009 ); the diagonal dotted lines represent the seawater (SW) Mo/U molar ratio of~7.5-7.9. sediment-water interface. This prevents a flux of Fe 2+ to overlying waters, whereas U, V and Mo accumulate in sediments through authigenesis at various rates (Morford et al., 2005) . The process of secondary migration via the redox boundary activating the production of dissolved iron in the pore water sediment and the simultaneous enrichment of the redox-sensitive elements can occur in unconsolidated sediment before and during early diagenesis, which was recognized in pelagic deposits deposited over the past 400 kyr (e.g., Kristensen, 2000) .
Because the redox conditions determine the ratio of Fe 2+ to Fe 3+ in aluminosilicate minerals, the contributions of both above-mentioned spectral components can be considered as indicators of the moderate reducing so-called chamosite facies (with Fe 2+ > Fe 3+ ) and the boundary reducing-oxidizing so-called glauconite facies (with Fe 2+ < Fe 3+ ).
Migration of the redox boundary in relation to possible organic matter fluxes
Regardless of the depth and consolidation time, syn-and post-depositional migration of the redox boundary coincides with delivery and remineralization of particulate organic matter (POM) and is dependent on changes in the accumulation rate (e.g., Reimers et al., 2013) . Comparison of the Eh pattern with the amount of POM in the sediments, estimated from thin sections of the rocks from the selected samples (cf. Bąk et al., 2018b) , shows that the high variability and the lowest values of Eh from the Upper Bajocian coincide with the highly variable and generally low values of the POM (approximately 2-18%; mean of 5.3%). The samples from the Callovian and Oxfordian sediments displaying negative Eh values are also characterized by a low POM content (2-4%) in this succession. In our opinion, such a low OM content in the bottom sediment would have affected the downwards migration of the redox boundary and induced episodes of high oxidation in the bottom waters. This interpretation is based on moderate to high amounts of Fe 3+ in the samples studied, which coincides with the low Eh values throughout the whole section. The high sensitivity of the redox boundary suggested for the Upper BajocianUpper Oxfordian interval is not unique in deep marine environments with low concentrations of reactive organic carbon in the sediment. An example from deep-water environments is the fluctuations of the redox boundary related to POM fluxes recorded in the Pliocene-Pleistocene deposits of the southwest Indian Ocean (Hall et al., 2017) ; these fluctuations coincided with changes in organic productivity and remineralization of OM in the water column, causing the oxygenation in the bottom and interstitial waters to change. The variations in the redox boundary are especially common in areas with low accumulation rates (e.g., Lyle, 1983 ) similar to those of the Zliechov Basin, where this rate diminished from 22 mm/kyr during the Late Bajocian to 0.8 mm/kyr during the Oxfordian (Bąk et al., 2018b) . For sediments deposited in the modern deep marine basins, where the concentration of reactive organic carbon in the sediment is low, variations in the OM fluxes can lead to high-amplitude excursions of the redox boundary (e.g., Burdige, 1993) . As such, the redox boundary can migrate several times in soft deposits over thousands of years (Gobeil et al., 2001) . When oxygen supplied by diffusion in this soft material is consumed by bacterial metabolism, the redox boundary can migrate upwards to the sediment-water interface over a period of several years but moves back down much more slowly, usually over several decades (Katsev et al., 2006) .
Redox conditions respond to periods of surface-water stratification and upwelling
The recent periodic variations in winds, enhanced sea surface temperatures, and reduced equatorial upwelling over the tropical eastern Pacific Ocean, called the El Nio-Southern Oscillation (ENSO) Fig. 11 . Changes in redox conditions near sediment/water interface of the Zliechow Basin, Carpathian domain of the Alpine Tethys compared with OM flux (Bąk et al., 2018) , δ 18 O belemnite (Martinez and Dera, 2015) , and sea level changes (Ogg and Hinnov, 2012) with interpreted intervals of deep stratified-and upwelling-type circulation, as well as warm/cool intervals (Podlaha et al., 1998; Jenkyns et al., 2002; Longinelli et al., 2003; Dera et al., 2011;  for details -see text); LCCI -Late Callovian Cold Interval, MOWI -Middle Oxfordian Warm Interval, LOWI -Late Oxfordian Warm Interval. phenomenon, simultaneously involve intervals of lower carbon flux to sediments with a deepening thermocline (Messié and Chavez, 2012) . This phenomenon leads to more oxidizing conditions in the sediments and therefore to a redox downshift. Conversely, times of weak ENSO are assumed to be dominated by a redox upshift in the sediments due to increased upwelling, causing an increase in OM flux to the sea floor. Because of the semi-equatorial position, approximately 22-25°N (Grabowski, 2005) , of the Zliechov Basin during the Middle-Late Jurassic, this region would have been strongly influenced by an ocean-atmosphere global circulation pattern, which is caused by pressure gradients along the equatorial part of the Tethys. As a consequence, the temperature structure of this ocean would display asymmetries, causing the formation of alternately warm and cold surface waters related to the occurrence of El Niño-like or La Niña-like dominated periods. These patterns of sea surface temperature variability would affect the changes in ocean water column parameters relevant to organic matter production and its transport to the bottom sediments. Thus, we applied a modern model of the relationships between the climatic oscillations (Bąk et al., 2018b) related to (i) the occurrence of El Niño-like or La Niña-like dominated time periods and (ii) the redox variations in the sediment exemplified by changes in Eh. In this sense, the positive and negative shifts of the Eh curve show that the intervals dominated by the redox up-or downshifts define periods with increasing or decreasing surface-water stratification, respectively (Fig. 11) ; the last of these periods coincides with an upwelling regime. The interpretation of the Eh data in the context of the changes in the surface-water stratification during the Late Bajocian-Late Oxfordian in the Zliechov Basin was then combined with water palaeotemperatures reconstructed from smoothed δ 18 O curves measured from belemnite calcite from the NW Tethys and European epicontinental seas (Martinez and Dera, 2015; Dera et al., 2011) .
The most noticeable result of the comparison of the Eh intervals and water temperatures (Fig. 11) is their coincidence with the late Middle Callovian-Upper Oxfordian interval. Three positive shifts in Eh values corresponding to the minimal δ 18 O belemnites values (Dera et al., 2011) during the upper Lower through the Upper Oxfordian show that enhanced bottom oxygenation resulted from the enhanced temperature of both surface and deep waters marks the periods of water stratification with deep thermoclines. The temperature below the thermocline increased during that time by approximately 4°C, and the sea surface temperatures increased by nearly 10°C, divided by a short-term cooling period (the surface water temperature decreased by 4°C) around the Middle-Late Oxfordian boundary, as determined after examining δ 18 O data from belemnites and bivalves (cf. Dera et al., 2011) . These changes are confirmed by the geographical distribution of tropical coral reefs (as well as partly of ammonites) along the western Tethyan margins (Cecca et al., 2005; Carpentier et al., 2006) . Maximum reef development during the Middle Oxfordian between 25-35°N and the southward migration of reefs during the Late Oxfordian (Martin-Garin et al., 2012) suggest a significant rise in SST during that time, divided by a cool period during the Middle-Late Oxfordian transition interval that was characterized by the demise of the reefs. The radiolarian data from the Middle Oxfordian (Bąk et al., 2018b) indicate a strong stratification that could be a reason for both the low OM and sediment inputs into the seafloor, similar to modern oceans wherein an increase in stratification is caused by the faster warming of its surface layers relative to its deeper water during an El Niño event (e.g., Shepherd et al., 2017) .
Our data show that the Middle-Late Oxfordian period with increased O 2 content near the sediment-water interface was the longest period of surface-water stratification during the analysed time interval. Similar but shorter-term intervals occurred during the Late Bajocian-Middle Callovian, as interpreted by using the variations in the Eh values, but independently reported via the variations in the radiolarian assemblages (Bąk et al., 2018b) .
The negative values of Eh are mainly attributed to the upwelling periods, additionally characterized by the occurrence of pronounced proliferation of radiolarians in these sediments that indicate cold surface waters due to shallow thermocline (Bąk et al., 2018b) . The causal relationship of this observation may be debated with regard to the upwelling intervals coinciding with phenomena such as modern La Niña events (e.g., Talley et al., 2011) . The successive release of nutrients to the marine realm during these events caused stepwise fertilization of the surface-water plankton community and enhanced OM fluxes, lowering the oxygenation of bottom waters. The rises and falls in the Eh values at that time show the high amplitude of the redox shifts during the Late Bathonian-Callovian, most likely as a response to very low sedimentation rates (1.1-3.3 mm/kyr; Bąk et al., 2018b) , when even small fluxes in OM could have caused major changes in oxygenation of the bottom waters (Lyle, 1983) .
Compared to the Eh data, the shifts in water temperature values reconstructed for the Upper Bajocian-Middle Callovian from δ 18 O belemnites (Dera et al., 2011) do not coincide with the redox variations (Fig. 11 ). This is because these temperature proxies came from the isolated European epicontinental basins (northern Germany, England, and the Polish Jura Chain; Podlaha et al., 1998; Jenkyns et al., 2002; Longinelli et al., 2003) characterized by very different patterns of seawater temperature changes. The temperatures calculated for the Lower Saxony Basin range from 9.5°C to 19°C during the Bajocian to Bathonian (Podlaha et al., 1998) , while data from England (Yorkshire) (Jenkyns et al., 2002) range from 11°C to 14°C for the same period, and data from the Polish Jura Chain range from 9.5°C to 12°C (Longinelli et al., 2003) . The exception in the comparison of our Eh data and δ 18 O belemnites values concerns the Upper Callovian (Fig. 11) , in which the largest negative shift, corresponding to the poor oxygenation near the sediment-water interface due to higher productivity in the surface water, coincides with the cool climatic phase reported from several regions of the Western Tethys but mainly from the neighbouring epicontinental seas (e.g., Dromart et al., 2003; Cecca et al., 2005; Wierzbowski et al., 2013) . In the Alpine Tethys, this interval is poorly recorded due to numerous hiatuses or discontinuous/reduced successions of radiolarian cherts and Ammonitico Rosso-type limestones deposited in troughs and pelagic swells (e.g., Cecca et al., 2005 ). An example of such conditions is the Zliechov Basin, characterized by a strong cessation in the accumulation rate calculated for the Upper Callovian-Lower Oxfordian, which ranged from 0.6 to 0.8 mm/kyr (Bąk et al., 2018b) .
Because of the intrabasinal position of the Zliechov Basin in the Alpine Tethys, which is located far from the source of the fluvial siliciclastic material, we suggest that the observed long-term variation in the redox near the sediment-water interface occurring during the Late Bajocian-Late Oxfordian could be indirectly but strongly influenced by a variation in the circulation patterns at the supra-regional scale, most likely caused by pressure gradients as the result of Walker Circulation along the equatorial part of the Tethys and Panthalassa. Considering studies of the Middle-Upper Jurassic radiolarian assemblages from the same area (Bąk et al., 2018b) and from the more western part of the Alpine Tethys (Pieniny Basin, Bąk and Bąk, 2019; Penninic Ocean, Ślączka et al., 2018) , from the tropical zone, we suggest that a winddriven Walker Circulation would cause the Panthalassa-Tethyan Oscillation (PTO) mode, which affected the east-west changes in the SST and ocean column parameters relevant to the growth of phyto-and zooplankton, and would be a primary cause of the periodic variation in Eh in this area (cf. model proposed by Bąk and Bąk, 2019; Bąk et al., 2018b) .
However, not all warming/cooling events seem to be linked to the PTO. The palaeogeographic changes at the margins of the NW Tethys related to opening/closing of transcontinental seaways should be considered as an additional corridor of heat transport. As an example, the dysoxic-anoxic bottom water conditions interpreted from the low Eh values determined in this work in the Carpathian domain of the Alpine Tethys during the Middle Jurassic are consistent with data from the Lombardian Basin (Ikeda et al., 2016) . Similar to the Zliechov Basin, the sedimentation of bedded green-grey chert in the Lombardian Basin has been interpreted to occur in oxygen-depleted conditions, which may confirm theories about the weak water exchange through the Hispanic Corridor seaways during that time based on its elevation and a dynamic ocean circulation model (Brunetti et al., 2015) . The certain impact on the circulation in the Alpine Tethys during the Bajocian could be linked to the uplift of the North Sea Dome, closing the Laurasian Seaway (e.g., Korte et al., 2015) ; however, the most important factor is related to the transition with the Proto-Caribbean Seaway (e.g., Pindel and Kennan, 2009 ) via the Hispanic Corridor, documented from several sections from the NW part of the Alpine Tethys (e.g., Rais et al., 2007) .
Conclusions
By analysing the pattern of selected trace elements and the Eh fluctuations reconstructed here using the variations in the chemical state of iron, we provide new insights into the changes in the redox conditions in the sedimentary environments of the radiolarian-rich strata in the Carpathian domain of the Alpine Tethys during the Late Bajocian through the Late Oxfordian.
The combination of V, U, and Mo enrichments and the Th/U ratio reflect oxic conditions throughout the entire interval, with significant changes during the Late Bajocian. The enhanced accumulation of Mo over the low U content shows that the redox boundary migrated in the sediments. The same effect was identified using the chemical state of iron. Comparison of the redox potential (Eh) of the iron pattern with the POM quantity shows that their coincidence could be dependent on changes in the accumulation generally very low rate, which decreased up-section.
Because of the semi-equatorial position of the Zliechov Basin, we applied a modern model of relationships between the climatic oscillations related to the occurrence of a Walker Circulation and the redox variations in the sediments. Three positive shifts of Eh values in the upper Lower through the Upper Oxfordian deposits correspond to the minimal δ 18 O belemnites values. These intervals show that enhanced bottom oxygenation resulted from the elevated temperature of both the surface and deep waters, marking the periods of water stratification with deep thermocline similar to the present day El Niño-like phenomenon. Similar but shorter-term intervals are characteristic of the Late Bajocian-Middle Callovian, as independently reported by variations in radiolarian assemblages. The negative values of Eh and the high amplitude of the redox shifts prevailed during the Late Bathonian-Callovian and were attributed to the upwelling periods characterized by shallow thermocline, such as the conditions during modern La Niña evets. The largest negative shift, corresponding to the poor oxygenation near the sediment-water interface due to a higher productivity in the surface water, occurred in the Late Callovian and coincided with the cool climatic phase that also occurred in several regions of the Western Tethys and the neighbouring epicontinental seas. The observed long-term variation in the redox near the sediment-water interface could be indirectly but strongly influenced by variations in the circulation patterns at the supra-regional scale, most likely caused by pressure and temperature gradients resulting from the Walker Circulation along the equatorial parts of the Tethys and Panthalassa. We suggest that the wind-driven PTO, which affected the changes in the ocean water column parameters relevant to the growth of phyto-and zooplankton, may be a primary cause of the periodic variation in Eh in this area.
